. It has also been observed to occur in diverse ecosystems including activated sewage sludge (37), anoxic aquifer sediments (6, 24, 26, 48) , and marine sediments (45). Solid-phase Fe(II) species [including sorbed Fe(II) as well as Fe(II) sulfides, carbonates, and phosphates] often represent a large fraction of Fe(II) in anoxic aquifers (12). Both dissolved and solid forms of Fe(II) are known to be susceptible to anaerobic oxidation (27, 33, 45, 61) , with different biogenic Fe(III) (hydr)oxide mineral phases (including goethite, lepidocrocite, ferrihydrite, magnetite, and green rust) produced under similar physical and chemical conditions (11, 33, 34, 48, 54) . The reason for the previously observed mineralogical differences in biogenic Fe(III) (hydr)oxide phases is unclear, but the chemical form of Fe(II) and the Fe(II) oxidation rate appear to exert control on the mineralogy for abiotically produced Fe(III) (hydr)oxides (19, 60) .
Microbiological nitrate-dependent Fe(II) oxidation to Fe(III) is a widespread process among prokaryotes (3, 26, 34, 49, 53, 56) . It has also been observed to occur in diverse ecosystems including activated sewage sludge (37) , anoxic aquifer sediments (6, 24, 26, 48) , and marine sediments (45) . Solid-phase Fe(II) species [including sorbed Fe(II) as well as Fe(II) sulfides, carbonates, and phosphates] often represent a large fraction of Fe(II) in anoxic aquifers (12) . Both dissolved and solid forms of Fe(II) are known to be susceptible to anaerobic oxidation (27, 33, 45, 61) , with different biogenic Fe(III) (hydr)oxide mineral phases (including goethite, lepidocrocite, ferrihydrite, magnetite, and green rust) produced under similar physical and chemical conditions (11, 33, 34, 48, 54) . The reason for the previously observed mineralogical differences in biogenic Fe(III) (hydr)oxide phases is unclear, but the chemical form of Fe(II) and the Fe(II) oxidation rate appear to exert control on the mineralogy for abiotically produced Fe(III) (hydr)oxides (19, 60) .
The crystallinity of Fe(III) (hydr)oxide mineral phases strongly influences their susceptibility to microbiological reduction as well as their ability to act as a chemical oxidant (22, 28, 29, 35, 44, 62) . For instance, the poorly crystalline Fe(III) (hydr)oxide ferrihydrite is biologically reduced to a greater extent than the crystalline (and more thermodynamically stable) hematite (29, 35, 62) . Therefore, the mineralogy of Fe(III) (hydr)oxide products of nitrate-dependent Fe(II) oxidation may have a profound impact on the cycling of Fe in anoxic environments.
Here, we report on the characterization of a Klebsiella species (designated strain FW33AN) from a nitrate-and radionuclide-contaminated aquifer that is capable of anaerobic, nitrate-dependent Fe(II) oxidation. Strain FW33AN was previously shown to produce goethite by nitrate-dependent Fe(II) oxidation (48) , and we show here that the chemical form of Fe(II) substrate and the rate of Fe(II) oxidation influence the mineralogy of biogenic Fe(III) (hydr)oxide products.
MATERIALS AND METHODS
Isolation of strain FW33AN from FRC groundwater. During push-pull tests to stimulate nitrate and U(VI) reduction at the Oak Ridge Field Research Center (FRC) in Oak Ridge, TN (30) , biomass that had accumulated in injection well FW033 was collected, refrigerated, and shipped to the University of Oklahoma where it was stored at 4°C for less than one week. A 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-buffered (50 mM, pH 7) solid medium was used that contained 0.8 g/liter NaCl, 1 g/liter NH 4 Cl, 0.1 g/liter KCl, 0.03 g/liter KH 2 PO 4 , 0.2 g/liter MgSO 4 · 7H 2 O, and 0.04 g/liter CaCl 2 · 2H 2 O, vitamins, and trace metals (57) . Acetate (30 mM CH 3 COONa) was provided as an electron donor, nitrate (20 mM NaNO 3 ) was the sole terminal electron acceptor, and agar (20 g/liter) was used as a solidifying agent. Plates were prepared under oxic conditions before transfer to an anoxic glovebag (Coy Laboratory Products, Grass Lake, MI) where they equilibrated overnight. Biomass-containing groundwater samples were serially diluted and spread on agar plates for isolation. Plates were incubated for 2 days at room temperature. Colonies exhibiting different morphologies were picked and transferred to anoxic HEPES-buffered acetate-nitrate liquid medium (as above but with no agar) in serum tubes with an N 2 headspace. Due to its robust nitrate-reducing activity in FRC groundwater (48) , one isolate (designated FW33AN) was chosen for further study.
Resting cell incubations. FW33AN was grown to early stationary phase on the acetate-nitrate medium described above, and cells were harvested by centrifugation. Cells were then washed three times with anoxic bicarbonate buffer (3.5 g NaHCO 3 /liter, pH 6.8), equilibrated under a headspace of 80:20 N 2 /CO 2 , and resuspended in the same buffer. For Fe(II) oxidation experiments, resting cell suspensions of FW33AN were incubated with 5 mM nitrate in 20 ml of bicarbonate-buffer with a headspace of 80:20 N 2 :CO 2 contained in serum bottles that were sealed with thick rubber stoppers. FeCl 2 (3.5 or 5 mM) or freshly prepared FeS (2.5 mM) was added to incubations from sterile stock solutions. Geochemical modeling using PHREEQC (38) DNA isolation, PCR amplification, cloning, sequencing, and phylogenetic analysis of isolates. Cells were disrupted by bead-beating in sodium dodecyl sulfate lysis buffer, and DNA was isolated from other cellular material by extraction with phenol-chloroform-isoamyl alcohol (51) . 16S rRNA genes were amplified by PCR as described by Elshahed et al. (25) using the universal forward primer 8f (5Ј AGAGTTTGAGCCTGGCTCAG 3Ј) and the universal reverse primer 804r (5Ј GACTACCAGGGTATCTAATCC 3Ј). PCR products were cloned directly into a TOPO-TA vector (Invitrogen) according to the manufacturer's instructions. Inserts were sequenced as described by Elshahed et al. (25) . Phylogenetic affiliations of isolates were roughly determined using Basic Local Alignment Search Tool (BLAST) (1). Nucleotide sequences were aligned using ClustalX software (58) . An evolutionary distance tree (neighbor-joining algorithm with Jukes-Cantor corrections) was constructed using PAUP 4.0beta10 (Sinauer Associates, Sunderland, MA).
Analytical methods. In preparation for X-ray diffraction (XRD) analysis, Fe(III) (hydr)oxides from incubations were dried on glass slides overnight in an anoxic glovebag and XRD was carried out on a Rigaku automated diffractometer (Rigaku/MSC, The Woodlands, TX). Fe phases were also extracted using 0. (35) . Acid volatile sulfide (AVS) and total reduced inorganic sulfur (TRIS) were extracted (59) and quantified by the methylene blue assay (13) . Nitrate and nitrite were quantified by ion chromatography with conductivity detection (Dionex DX 500 fitted with an AS-4A column; Dionex Corp., Sunnyvale, CA). Acetate was quantified by ion chromatography using the same system fitted with an AS-11 column (47). Ammonium was quantified by the alkaline phenolate assay (20) . Protein was quantified using the bicinchoninic acid assay (Pierce Biotechnology, Inc., Rockford, IL).
RESULTS AND DISCUSSION
Isolation and characterization of strain FW33AN. Strain FW33AN was isolated from groundwater at the Oak Ridge FRC, which had received ethanol additions to stimulate nitrate and uranium reduction (30, 48) . Phylogenetic analysis of 16S rRNA gene sequence of FW33AN revealed that it is most closely related to Klebsiella oxytoca and to Gly302-3, an organism that was present in Fe(III)-reducing enrichments from the FRC (39) (Fig. 1). FW33AN is not closely related phylogenetically to other groups of organisms capable of nitrate-dependent Fe(II) oxidation (Fig. 1) , providing further evidence that the ability to couple Fe(II) oxidation to nitrate reduction is widespread among nitrate-reducing bacteria (52, 53, 56) .
FW33AN is capable of nitrate-dependent Fe(II) oxidation under nongrowth conditions (48) (see Fig. 3 ), but it is still not clear whether FW33AN can obtain energy from this reaction for growth. It also coupled acetate oxidation to nitrate reduction with transient nitrite accumulation during growth (Fig. 2) . No ammonium accumulation was observed during growth of FW33AN on acetate. However, denitrification of nitrate to N 2 by FW33AN is unlikely, since denitrification has not been previously reported in enterobacteria (14) . PCR experiments repeatedly were not able to generate product using primers specific to nirK or nirS (genes encoding dissimilatory nitrite reductases in denitrifiers) (Anne Spain, personal communication), providing further evidence for the absence of a denitrification pathway. Production of N 2 O during nitrate reduction by a Klebsiella species has been previously reported (4), but only 30% of the nitrate in those experiments was converted to N 2 O, with the remainder of the nitrate reduced to ammonium. This latter scenario is also unlikely to be occurring in our experiments, as we would then expect to see the accumulation of 14 mM ammonium. Pinar and Ramos (41) showed that Klebsiella oxytoca may completely assimilate ammonium produced by the reduction of 40 mM nitrate provided as a terminal electron acceptor, a process that is the most likely explanation for why ammonium accumulation was not observed in nitrate-reducing cultures of FW33AN. (Fig. 3A) . At the conclusion of the incubations, we quantified acid-volatile sulfide (AVS) and total reduced inorganic sulfur (TRIS). The latter fraction includes partially oxidized sulfur species, including elemental sulfur, polysulfides, and polythionates (heretofore referred to as zero-valent sulfur) (59) . These extractions showed that sulfide was oxidized over the course of the incubations (Fig. 3B ), but no sulfate or thiosulfate could be detected, suggesting that the product of sulfide oxidation was zero-valent sulfur. Products of sulfide oxidation by hematite are zero-valent sulfur, thiosulfate, sulfite, and sulfate (21, 23, 36) , but sulfide oxidation by goethite or ferrihydrite yields primarily zero-valent sulfur (7, 42, 43, 55) . The small amount of Fe(III) we could detect in Fe(II) stocks (approximately 1%) would be sufficient to mediate the oxidation of only 13 M sulfide to zero-valent sulfur. We did not test the ability of this organism to enzymatically oxidize sulfide, but we are not aware of sulfide oxidation by Klebsiella species, and it is likely that the zero-valent sulfur arose from the reaction of biogenic Fe(III) with sulfide (7, 42, 43, 55) .
X-ray diffraction (XRD) analysis of biogenic Fe(III) (hydr)oxides at the conclusion of the incubations revealed the presence of goethite in the Fe(III) product of nitrate-dependent oxidation of Fe(II) sol (Fig. 4, spectrum D) , while nitrate-dependent FeS (characterized as largely amorphous, but with traces of mackinawite [ Fig. 4, spectrum A] ) oxidation yielded amorphous Fe(III) (hydr)oxide (Fig. 4, spectrum C) . The amounts of amorphous and crystalline Fe(III) phases were then determined using differential extractions of Fe(III) phases. Amorphous Fe(III) (hydr)oxide was operationally defined as the fraction of Fe that could be extracted with hydroxylamine-HCl (35), while crystalline Fe(III) (hydro)oxide was operationally defined as the fraction of Fe that could only be extracted with ammonium oxalate (40, 46) . These extractions revealed that all Fe(III) (hydr)oxide produced by bacterial oxidation of FeS was amorphous, while 52% of the Fe(III) (hydr)oxide produced by oxidation of Fe(II) sol was in the crystalline fraction (Table 1) .
These results suggest that different forms of Fe(II) substrate give rise to different Fe(III) mineral phases upon nitrate-dependent Fe(II) oxidation. Similarly, Kappler and Newman (33) observed formation of the poorly crystalline Fe(III) (hydr) oxide ferrihydrite from anaerobic FeS oxidation by an anoxygenic, Fe(II)-oxidizing phototrophic bacterium, but goethite and lepidocrocite from oxidation of Fe(II) sol by the same organism. In those experiments, goethite and lepidocrocite were formed after 12 days of maturation, but no such transformation was observed in Fe(III) produced by FeS oxidation over a similar time period. The lack of Fe(III) (hydr)oxide crystallinity in FeS-oxidizing incubations may be the result of a low level (Fig. 5) . The mean specific initial Fe(II) oxidation rate in the incubations was 0.13 Ϯ 0.01 mmol/mg protein/day. After 7 days of incubation, solids were removed, dried, and characterized by XRD. Fe(II) oxidation at the most rapid initial rate yielded amorphous Fe(III) (hydr)oxide ( Fig. 6A ) but with progressively lower rates of Fe(II) oxidation, a stronger goethite signal was observed ( Fig. 6B and  C) , and a progressively larger proportion of Fe(III) was in the crystalline fraction (Table 1) . Similarly, an increase in the crystallinity of Fe(III) (hydr)oxides has been observed under conditions of slow abiotic hydrolysis (19, 60) .
Residual Fe(II) present in slow-oxidizing incubations may have enhanced goethite crystal formation (2, 15-18, 31, 33) . In this scenario, biogenic Fe(III) (hydr)oxide in all incubations may have initially been amorphous, but with the slower rate of Fe(II) consumption in slow-oxidizing incubations, this Fe(II) was available to catalyze goethite formation. It is unlikely that (29, 44, 50, 62) . Our results suggest that the Fe(II) chemical form and Fe(II) oxidation rate exert a strong influence on biogenic Fe(III) mineralogy, but these factors are by no means the exclusive determinants of biogenic Fe(III) mineralogy. For instance, phosphate may be an especially important factor in controlling Fe(III) crystallinity (10, 32; E. E. Roden, personal communication). Geophysical and geochemical conditions (e.g., temperature or pH) and the presence of cellular material will certainly affect biogenic Fe(III) mineralogy (5, 8, 9, 17, 19, 31, 43) . Further work is necessary to determine the relative contributions of these other variables to Fe(III) mineralogy in situ.
